ABSTRACT: Even though bacterivorous flagellates have been recognized as being able to structure the bacterial community, their behavioral basis for food selection is hardly known. We investigated the feeding behavior of the filter-feeding choanoflagellate Monosiga ovata and the raptorial-feeding kinetoplastid flagellate Rhynchomonas nasuta feeding on a bacterial community dominated by Pseudomonas putida and compared it to that of interception-feeding flagellates. M. ovata handles several food particles simultaneously. In contrast, R. nasuta handles only 1 particle at a time. The handling time for 1 prey particle is in the range of 3.7 s for R. nasuta but more than 300 s for M. ovata. The speed of food particles within the feeding current of M. ovata was only 9.3 ± 5.7 µm s -1 but due to the large surface of the collar the filtered water volume was 6.4 nl h -1 and therefore comparable to that of interception-feeding flagellates of a similar size. Bacteria ingested by M. ovata were significantly smaller compared to the bacteria in the medium (p = 0.001). Size selection of food particles occurs during the processing of food items. This is in contrast to raptorial-feeding R. nasuta, which shows passive food size selection for bigger particles during the contact phase. Attachment of bacteria proved to be an efficient protection mechanism, defending them from being grazed by flagellates. There are significant species-specific differences in the processing of food particles which explain the coexistence of various bacterivorous nanoflagellates in the size range of 3 to 5 µm and indicate the existence of specific predation pressure on different bacteria.
INTRODUCTION
Grazing by heterotrophic nanoflagellates is an important factor in structuring bacterial communities in the field. A significant part of bacterial production is consumed by heterotrophic nanoflagellates (HNF; see Andersen & Fenchel 1985 , Jürgens et al. 1994 . Food selectivity by HNF has widely been discussed as being the main factor responsible for bacterial population shift (Güde 1979 , Andersson et al. 1986 ). HNF-mediated changes in the culture nutrient conditions and species-specific viral lysis may also change the bacterial spectrum (e.g. Hahn et al. 1999) . For a better understanding of the way the microbial food web functions, the responsible underlying mechanisms of food selection have to be determined.
Experiments with surrogates and fluorescently labeled prey allow the investigation of food vacuole content (e.g. Sherr et al. 1987 , Landry et al. 1991 . These experiments have shown different ingestion and clearance rates for different prey particles offered (e.g. González et al. 1990 , Monger et al. 1999 . However, these experiments do not answer the question of whether selection, i.e. an active process by the predator, or passive mechanisms such as contact probability (caused by prey motility, physicochemical interactions, etc.) are responsible for this observation. The fundamental question as to whether or not heterotrophic nanoflagellates are able to select food particles cannot satisfactorily be answered by feeding experiments. Bacterivorous protozoa have been classified according to their feeding mechanisms as filter feeders on the one hand and interception feeders or raptorial feeders on the other (e.g. Fenchel 1987 ). For protozoans, the term 'filter feeding' is defined as the production of a feeding current through a filtration structure for sieving the medium for food particles. The terms 'interception feeding' and 'raptorial feeding' are often used synonymously (Fenchel 1987) . In this study, we use the term interception feeding for those flagellates which produce a feeding current and directly intercept food particles, and the term raptorial feeding is used for mobile protozoa which actively search for food particles. Several studies tried to predict feeding mechanisms and food selectivity on the basis of theoretical assumptions (e.g. Fenchel 1986a , Shimeta & Jumars 1991 , Shimeta 1993 ). Even though filter-feeding ciliates have been studied in detail, there are very few detailed investigations of the feeding process of bacterivorous flagellates. In this study we examined the mechanisms of filter-feeding and raptorial-feeding flagellates and compared them with interception-feeding flagellates as described by Boenigk & Arndt (2000) . We used different techniques of video microscopy to observe the feeding patterns of the filter-feeding choanoflagellate Monosiga ovata and the substrate-associated raptorialfeeding kinetoplastid flagellate Rhynchomonas nasuta.
METHODS
Monosiga ovata and Rhynchomonas nasuta were isolated from a small pond near the Rybinsk Reservoir, Russia, and kindly provided by A. P. Mylnikov. M. ovata had a cell volume of 24.5 ± 9.5 µm 3 and the collar was 7.0 ± 1.0 µm in length. R. nasuta had a cell volume of 18.5 ± 5.4 µm 3 , and the proboscis was 1.9 ± 0.3 µm in length and 0.6 ± 0.2 µm in width. Simple inorganic culture media containing 0.1 g l -1 KNO 3 , 0.01 g l -1 MgSO 4 × 7 H 2 O, 0.01 g l -1 K 2 HPO 4 × 3 H 2 O and 0.001 g l -1
FeCl 3 × 6 H 2 O (Mylnikov pers. comm.) and enriched with a wheat grain were used for the cultivation of the flagellates. The flagellates were fed 24 h before the experiment started and cultured at 20°C under permanent light to adapt to the experimental conditions. In addition to the background bacteria in the flagellate cultures, the flagellates were fed on Pseudomonas putida MM1 (isolated by Christoffersen et al. 1997 ) during the experiments. The bacteria were grown on nutrient agar and transferred to a liquid batch culture enriched with glucose (1 g l -1 ) 2 d before the feeding experiments. Bacterial concentration during the experiments was adjusted to 1-2 × 10 7 bacteria ml -1
. The observations were made with flagellates from exponentially growing cultures.
Observations were made according to Boenigk & Arndt (2000) . Briefly, approximately 6 ml of culture medium were transferred to an observation petri dish (see Fig. 1 ). The flagellates were allowed to resume a normal feeding behavior for 30 min after transfer. The relatively large water volume allowed observation times of up to several hours without significant changes in the medium, especially without heating. High resolution observations of the feeding process and size measurements were carried out with a Zeiss A hole 20 mm in diameter was drilled in the center of the 55 mm diameter petri dish and a cover slide was attached to the bottom (A, B). The microscope (1) was connected with a zoom adapter (2) to the camera (3). The signal was recorded with an S-VHS recorder (4). Video sequences were analyzed using the monitor (5) and using a computer system (6) Axiovert S100 equipped with a Plan Neofluar 100×/1.3 oil objective. The microscope was connected with a zoom adapter to a MC-1009/S-video camera (AVT Horn, Aalen, Germany). The output of the video camera was fed to an S-VHS recorder (AG 7355, Panasonic; see Fig. 1 ). Videotape analysis was carried out by using continuous and single-frame play-back. Selected frame series were digitized on a personal computer system using Adobe software (Adobe Premiere and Adobe Photoshop). In addition to a standard S-VHS system we tested high resolution video microscopy (CCD camera C4742-95, Hamamatsu) as well as high speed video microscopy (CCD camera C4880-81, Hamamatsu) as a tool for interpreting feeding mechanisms. The high resolution camera and the high speed camera were connected to the compound microscope. The video signal was recorded by a Miro DC 30 video card in a Pentium computer system. Fifteen individual cells of each species were observed. Size and time measurements were made for each individual cell for at least 1 ingestion and 5 rejections. Length and width of the bacteria were measured using a calibrated video screen. The speed of the bacteria within the feeding current of the flagellates was determined by analysis of successive video frames. The propelled water volume was calculated from observed particle speeds of particles moving parallel to the plane of focus and the surface area of the collar. For this calculation a circular cross-section of the collar was assumed. To analyse the beating frequency of the flagellum, the microscopic lamp of the upright microscope was replaced by a stroboscope (Drelloscop 2008 PHS, Eneberg) that emitted light pulses with a frequency of 2.5 to 416 Hz.
RESULTS

Feeding of Rhynchomonas nasuta (Kinetoplastida)
Rhynchomonas nasuta is a typical benthic flagellate. This species is a poor swimmer and mainly creeps along the substratum (see also Swale 1973) at 7.3 ± 2.2 µm s -1 (n = 15) searching for food particles. Changes in the direction of movement depended on contact with particles. The proboscis beat at a frequency of 9.5 ± 3.3 Hz (n = 20) and increased the region in which food particles were searched for. Whenever the proboscis came into contact with a particle, regular beating of the proboscis was interrupted and the particle was handled by the tip of the proboscis. Particles that adhered strongly to the substratum as well as particles that were too big to be ingested were released after 0.9 ± 2.1 s (n = 75) and the flagellate resumed its normal searching behavior. Ingestion of particles occurred at the tip of the proboscis ( Fig. 2A) . Food particles were taken up by the cytopharynx in the proboscis and food vacuoles were then transported to the posterior end of the cell. Ingestion rate was 12.8 ± 7.7 bacteria flagellate -1 h -1 (n = 15). The radius of the movement of the proboscis was about 2.5 µm, resulting in a maximal area searched of about 7 × 10 4 µm 2 h -1 . The feeding process was subdivided into 4 feeding phases according to Boenigk & Arndt (2000) : (1) the contact phase -from the first contact between the flagellate and a food particle to a reaction, i.e. stopping the beating of the proboscis (< 0.03 s, n = 90), (2) the processing phase, i.e. particle handling by the proboscis outside the cell (0.6 ± 0.3 s, n = 90), (3) the ingestion phase sensu stricto, i.e. the transport of the food particle through the proboscis (0.6 ± 0.4 s, n = 15), and (4) the refractory phase -from completed ingestion to 
Feeding of Monosiga ovata (Choanoflagellida)
Due to its filter structure, the strain of Monosiga ovata did not swim actively but drifted passively through the medium. In the undisturbed observation chamber the cells sank to the bottom. The flagellum beat at a constant frequency of 14.4 ± 1.9 Hz (n = 20) and produced a weak filter current (Fig. 3) . The maximal speed of food particles within the feeding current was 9.3 ± 5.7 µm s -1 (n = 100) and the filtered water volume was about 6.4 nl h -1
. Interruptions of flagellar beating caused by feeding activities were not observed. M. ovata handled many particles simultaneously (Fig. 2B, Table 1 ). Particles were transported along the plasma membranes of the microvilli of the collar in both directions at 58 ± 93 nm s -1 (n = 20). Particles which were not ingested were concentrated at the apical region of the collar. Two feeding mechanisms occurred: small particles below about 0.3 µm in diameter were transported on the membrane of the collar and concentrated at its base, where they were ingested by the formation of pseudopodia, while bigger particles were enclosed on the surface of the microvilli by pseudopodia at some distance from the cell body (Fig. 2B) . The whole food vacuole was transported towards the cell body. After ingestion, food particles were transported towards the posterior part of the cell.
The time budgets of the feeding process could not be determined because, unlike Rhynchomonas nasuta, the flagellate showed no specific reactions. Food particles were handled for several minutes before ingestion. The size of bacteria (biovolume) in contact with the flagellate (0.16 ± 0.08 µm 3 , n = 75) did not differ from the size spectrum of the bacteria in the medium (0.22 ± 0.10 µm 3 , n = 100; ANOVA, p = 0.402), but the ingested bacteria were significantly smaller (0.03 ± 0.05 µm 3 , n = 15; ANOVA, p = 0.001). Ingestion occurred outside the collar while excretion occurred inside the collar (Fig. 3) . The observed ingestion rate was 24 ± 5.1 particles flagellate -1 h -1 (n = 15).
DISCUSSION
The combination offered by 'normal' analog or digital video techniques (625 × 400 pixels, 25 frames s -1 , see Fig. 1 ) was sufficient for most of the applications and was used for the observations. Video microscopy allows detailed observations of protist behavior over long observation periods for a variety of species (e.g. Holen & Boraas 1991 , Boraas et al. 1992 , Ishigaki & Terazaki 1998 , Boenigk & Arndt 2000 . However, at present, video microscopy does not allow the observation of fastmoving organisms and the spatial resolution is limited. High-speed and high-resolution video techniques are not yet suitable for observation times of up to several minutes as both have to be recorded by computer systems at a considerable price; thus, recording of long sequences is, so far, limited by the transmission rate from the camera to the computer system and from the main memory of the computer to the hard disk. This may change when computer systems become faster.
In general the data show a high variability within species (expressed as standard deviation). Exponentially growing cultures of flagellates contain smaller cells which are freshly divided as well as bigger cells. This may be the main reason for the considerably high variability in size of prey, ingestion rate and time budget of the feeding phases. Based on a data-set of 87 ingestions and more than 200 captures for Cafeteria roen-> 3 µm s -1 Fig. 3 . Feeding current and speed of food particles (µm s -1 ) within the feeding current produced by Monosiga ovata. Water passes the filtration structure and food particles are caught in the microvilli bergensis, Boenigk & Arndt (2000) reported that variability was hardly less than that reported for other flagellates based on 15 ingestions only. It seems to be hard to reduce variability any further by increasing the number of investigations since variability is mainly due to a high individual variability within the cultures. However, at least 10 to 12 individual cells must be observed to obtain reliable results (authors' pers. obs.). The mean as well as the standard deviation then seem to be reliable measures for species characteristics. Although bacteria are a main food source for heterotrophic nanoflagellates (Andersen & Fenchel 1985 , Jür-gens et al. 1994 , Arndt et al. 2000 , the mechanisms used to capture and ingest bacteria differ strongly between species. For example, the feeding current of Monosiga ovata is much weaker compared to that created by interception-feeding flagellates (Fenchel 1987 , Boenigk & Arndt 2000 see Table 1 ). However, the specific clearance is similar to that of chrysomonads due to the large filtration structure (Fenchel 1982 ; see Table 1 ). The long handling times in comparison to other flagellates are compensated by simultaneous handling of many food particles and by accumulation of food particles (especially particles smaller than about 0.3 µm) at the cell surface outside the collar before their ingestion (see also Leadbeater & Morton 1974) . Due to these differences in feeding strategies, protozoa often are classified according to their feeding mechanisms, for example, into filter feeders, raptorial feeders and interception feeders (Fenchel 1987 
Prey capture
Particle speed in the 9 ± 6 91 ± 30 105 ± 23 50 ± 27 112 ± 38 'filter current' (µm s 0.6 ± 0.5 3.1 ± 1.0 7.6 ± 5.9 4.1 ± 3.1 0.1 ± 0.8 Ingestion time > 20 0.6 ± 0.4 1.9 ± 0.4 6.1 ± 3.8 1. (Fenchel 1987) , was found to produce a filter current of a maximal current velocity of about 10 µm s -1 only. Therefore external water currents and diffusion seem to play an important role for food capture, as is characteristic for diffusion-feeding flagellates. In contrast, the feeding behavior of Cafeteria roenbergensis, Spumella sp., Ochromonas sp. and Bodo saltans (Boenigk & Arndt 2000) on the one hand and Rhynchomonas nasuta on the other, all raptorial feeders in the sense of Fenchel (1987) , differs significantly. Therefore this group was split up into interception feeders and raptorial feeders in this investigation. In another study (Boenigk & Arndt 2000) , we showed that the differences even between flagellate species of the same feeding type and of a similar size are significant. Thus, even though rough classifications allow general features of the feeding behavior to be described, they seem to be no appropriate basis for the investigation of the feeding ecology of flagellates as the high variability between species cannot be taken into account.
Food selection has been reported with respect to size, surface properties of the bacteria or motility of the prey (e.g. Jürgens & DeMott 1995 , Monger et al. 1999 . Theoretical considerations predict that passive mechanisms such as particle-specific contact probabilities are responsible for food size selection (Shimeta & Jumars 1991) . We could support these assumptions regarding the interception-feeding (Boenigk & Arndt 2000) and raptorial-feeding flagellates (this study). In contrast, passive food-size selection should not occur in filterfeeding flagellates (cf. Fenchel 1987) . However, a strong food-size selection was observed during particle handling in our experiment, but it could not be determined whether or not this size selection was an active process on the part of the flagellate or if it is driven by passive forces.
Due to the various selection and feeding mechanisms the different flagellate species are obviously adapted to diverse food spectra. Besides attachment of bacteria, size selection was especially in the focus of the investigation (Table 1) . Species-specific differences in food selection cause a strongly species-specific grazing pressure on bacteria. Ochromonas sp., Bodo saltans and Rhynchomonas nasuta feed on large bacteria, whereas Spumella sp. and Cafeteria roenbergensis feed on intermediate bacteria and Monosiga ovata feeds exclusively on small bacteria. This agrees with findings that choanoflagellates are typical of pelagic waters with considerably smaller sized bacteria due to metazoan grazing (Arndt et al. 2000) . The flagellates may be omnivores but due to their size bacteria seem to be the main diet. Depending on the mobility of substrate-associated raptorial flagellates, these species feed mainly on attached bacteria (see also Fenchel 1986b , Caron 1987 . We also observed that R. nasuta is able to feed on particles drifting along the substratum at a distance of up to about 2-3 µm to the surface of the substrate (authors' pers. obs.). This is in contrast to the interception-and filter-feeding flagellates, which feed exclusively on suspended bacteria. Other factors such as surface hydrophobicity (Monger et al. 1999 ) have also been reported to be responsible for species-specific differences in the grazing pressure. The observed differences in the handling time may be adaptations to different food concentrations and to environmental conditions. Due to the short handling times of R. nasuta or Ochromonas sp. these flagellates are able to handle many particles within a short time. This may be advantageous in an environment containing a high concentration of food particles. Therefore short handling times may be advantageous when bacterial abundance is high. Especially microhabitats such as flocks, e.g. lake snow (Grossart & Simon 1993) , or benthic habitats are rich in edible (e.g. bacteria) as well as inedible (e.g. clay) particles, respectively. Short handling times may therefore be characteristic of substrate-associated flagellates such as R. nasuta. Due to species-specific differences in feeding behavior it seems questionable whether the calculation of the flagellates' grazing pressure on bacteria as calculated in various studies (e.g. KuuppoLeinikki 1990 , Berninger et al. 1991 ) is a suitable measure for the comparison of different food webs. Depending on the species composition of HNF in the field, some bacteria may be strongly grazed whereas others may hardly be affected. Our results imply that species-based investigations of protists and bacteria will be necessary to understand microbial food web dynamics in the field.
